.-A recently isolated bacteriophage of Pseudomonas aeruginosa was observed, in association with bacteria, to produce a polysaccharide depolymerase. Exposure of slime polysaccharide to the enzyme at the pH optimum of 7.5 for 30 to 60 min resulted in a decreased viscosity of 20 to 25%, and a measurable increase in the levels of hexosamines, hexoses, and reducing substances, distinguishing it from other phage-associated depolymerases. Like egg-white lysozyme, the depolymerase produced a clearing of mature bacterial lawns, but was shown to be devoid of muralytic activity by turbidimetric and paper chromatographic analysis. The depolymerase reacted with polysaccharides of only certain strains of P. aeruginosa, and there appeared to be no correlation with phage susceptibility. The enzyme was not detectable in uninfected cultures, nor was it synthesized when infection was initiated by phages other than phage 2. The available data suggest that the genetic information required for biosynthesis of this enzyme is furnished by the phage 2 genome.
The biosynthesis of new enzymes is known to occur shortly after insertion of T-even coliphage nucleic acid into a receptive bacterial cell (12) . Some of the new enzymatic activities are primarily concerned with the synthesis of phage particles, whereas others are known to cause the hydrolysis of various structural components of the bacterial cell such as the capsule or wall (2, 6, 13, 14, 16, 20) . It has been suggested that these enzymes may also play an essential role in the life cycle of the phage.
Adams and Park (2) discovered a depolymerase in infective lysates of Klebsiella pneumoniae, and demonstrated its ability to reduce the viscosity of capsular polysaccharides. Eklund and Wyss (6) described a phage-associated enzyme that was capable of hydrolyzing the polysaccharide capsule of Azotobacter vinelandii, and, more recently, Sutherland and Wilkinson (20) isolated depolymerasesthathydrolyze expolysaccharidesextracted from Escherichia coli and Aerobacter cloacae. In our laboratory (Bartell, Orr, and Blakemore, Bacteriol. Proc., p. 142, 1964), phage lysates of Pseudomonas aeruginosa were observed to contain a similar enzyme.
This report describes the formation and characteristics of a polysaccharide depolymerase obtained from phage-infected cultures of Pseudomonas aeruginosa.
MATERIALS AND METHODS
Microorganisms. P. aeruginosa strains BI, B(2), BC (23) , FG(67), and GG(77) were isolated from various human clinical specimens, and were identified according to criteria recommended by Haynes (7, 8) .
Micrococcus lysodeikticus was a laboratory stock culture which was employed in the preparation of protoplasts. Pseudomonas phage 2 was one of 22 phages isolated from various lysogenic strains of P. aeruginosa (Bartell et al., Federation Proc. 22:324, 1963 ) by spontaneous induction of broth cultures or by exposure to small doses of ultraviolet irradiation. All isolated phages were plaque-purified and characterized by lytic spectrum prior to further study. Trypticase Soy Broth and Agar (BBL) were employed for bacterial cultivation and phage propagation. Bacteriophage titrations were performed by soft agarlayer, and other general phage techniques were executed according to Adams (1) .
Source ofenzyme. The elaboration of polysaccharide depolymerase by phage 2-infected cultures of strain BI was studied in one-step growth experiments. Ap-at an input multiplicity of 1.0. Adsorption, at 37 C for 5 min with shaking, was followed by centrifugation and resuspension of sedimented cells in original volume of prewarmed broth. Incubation was at 37 C in a shaker water bath. Samples were obtained at 5-to 10-min intervals, immediately chilled, and centrifuged at 6,000 X g for 10 min at 4 C. Supernatant fluids were assayed for free enzyme and phage.
Large quantities of crude enzyme were obtained in soft agar-layer cultures. Young aerated cultures in the exponential phase of growth were infected with phage 2, by use of approximately one phage particle per 100 host ceils. After incubation at 37 C for 18 hr, the agar was scraped into cold broth or 0.1 M sodium phosphate buffer (pH 7.2) and homogenized, followed by centrifugation at 16,300 X g at 4 C for 30 min to sediment bacteria, bacterial debris, and agar. Supernatant fluids containing crude enzyme and phage were usually frozen at -20 C.
A partial purification of enzyme has been accomplished by a procedure employing differential centrifugation, ammonium sulfate fractionation, and gel filtration. Frozen crude lysates were thawed and centrifuged at 78,480 X g at 4 C for 60 min to sediment 90 to 99% of the phage. Solid ammonium sulfate was added slowly with stirring to the above supernatant fluids to a final concentration of 45% saturation, and allowed to remain at 4 C overnight. The fine precipitate which developed was sedimented and dissolved in distilled water equal in volume to approximately 4% of the initial crude lysate, and was dialyzed against distilled water at 4 C. This partially purified enzyme was employed in these studies. Further purification has been accomplished by gel filtration through a column of Sephadex G75 that was equilibrated with 0.005 M tris(hydroxymethyl)aminomethane (Tris)-acetic acid (pH 7.5).
Substrate. Slime polysaccharide was prepared from 1-to 4-day cultures of strain BI grown on sheets of cellophane overlaying Trypticase Soy Agar (10) . The polysaccharide was extracted in 0.15 M NaCI, and precipitated with 3 volumes of ethyl alcohol-acetone (equal volumes) at 4 C. The precipitate was sedimented by centrifugation and taken up in distilled water containing 0.1% sodium acetate. After two to three ethyl alcohol-acetone precipitations, the sediment was dissolved in distilled water, passed through six layers of Whatman no. 1 filter paper, and dialyzed against distilled water for 20 hr at 4C. The polysaccharide was lyophilized and employed as substrate.
Estimation of enzyme activity. Assays were based on the release of hexosamines from slime polysaccharide in the following system. At concentrations of 30 mg/mi in 0.1 M sodium phosphate buffer (pH 7.5), slime polysaccharide was mixed with an equal volume of depolymerase and incubated at 37 C. The amount of hexosamine was determined at 5-to 10-min intervals over a period of 60 min, after stopping the reaction by chilling, by the method of Elson and Morgan (17) as modified by Boas (4) . Progress curves were constructed, and the initial velocity was determined. The unit of enzyme activity was expressed in terms of nanomoles of hexosamine released per minute per milligram of protein (or per milliliter of enzyme).
In some experiments, the effect of heat treatment on the depolymerase was determined. Samples of enzyme, in 0.1 M sodium phosphate buffer (pH 7.5), were exposed to temperatures of 60, 70, 80, and 100 C for varying periods of time. After treatment, samples were chilled and assayed at 37 C.
For those experiments requiring various pH values, the following buffering systems were employed: pH 5.0, 0.1 M sodium acetate buffer; pH 6.0 to 7.5, 0.1 M sodium phosphate buffer; pH 8.0 to 9.0, 0.1 M Tris buffer.
A method described by Adams and Park (2) was also useful in measuring enzyme activity. In this assay, 0.01 ml of serial twofold dilutions of enzyme was placed on mature lawns (18 to 24 hr) of a sensitive indicator strain and incubated at 37 C for 18 hr. The end point was taken as the reciprocal of the highest dilution which produced a perceptible clearing of the lawn.
Enzymatic activity was also determined by measurements of viscosity. In these experiments, polysaccharide hydrolysis was estimated after addition of enzyme at 37 C, by measuring the change in flow time through an Ostwald viscosimeter. Preparation of cell walls. The procedures employed were described by Weidel, Frank, and Leutgeb (21) and Weidel, Frank, and Martin (22) . Briefly, P. aeruginosa strain BI was cultivated at 37 C with aeration in Trypticase Soy Broth. Late in the exponential phase of growth, the cells in 4 liters of broth were sedimented and treated with 0.4% (w/v) sodium dodecyl sulfate (K & K Laboratories, Inc., Plainview, N.Y.). This was followed by treatment with deoxyribonuclease (20 ,ug/ml), ribonuclease (20 ,ug/ml), 0.01 M MgSO4, and trypsin (100 ,ug/ml). The cells were further treated with 0.4% sodium dodecyl sulfate, and sonically treated in a 250-w, 10 kc Raytheon sonic oscillator at 1.1 to 1.3 amp for 3 min. After three to five washings with cold distilled water, the cell walls were stored as a thick suspension at 4 C. Some cell wall preparations, prepared as described above, were further treated by methods suggested by Schocher (19) . Essentially, this involved additional treatment with trypsin, pepsin, and sodium dodecyl sulfate. Cell walls of M. lysodeikticus were prepared according to Salton and Horne (18) .
Turbidimetric study of cell wall lysis. Cell walls (4.0 mg/ml) were suspended in 0.1 M Tris buffer (pH 8.0) and placed in a constant-temperature water bath at 37 C. To each tube, an equal volume of eggwhite lysozyme (40 ,ug/ml) or depolymerase (150 ,ug/ml) in buffer, or buffer alone (as control tubes), was added, and the contents were thoroughly mixed. Tubes were shaken before reading at various time intervals. Changes in absorbance were measured in a Klett-Summerson photoelectric colorimeter equipped with a no. 54 green filter (spectral range, 500 to 570 mI).
Paper chromatography. The composition of hydrolyzed slime polysaccharide and cell wall preparations was studied by one-and two-dimensional descending paper chromatography according to methods described by Block (3) . The polysaccharide chromatograms were run in a solvent system composed of ethyl BARTELL, ORR, AND LAM acetate, pyridine, and distilled water (12:5:4) as suggested by Doggett, Harrison, and Wallis (5), then developed with alkaline silver nitrate reagent (3). The solvents employed for hydrolyzed cell walls were n-butanol-pyridine-water-acetic acid (60:40:30:3) and phenol-ammonia. These chromatograms were developed with ninhydrin spray reagent. Individual markers were used to aid in the identification of amino acids, sugars, and hexosamines.
Hexosamine
Reducing substances. The determination of reducing substances was made by the submicro method of Park and Johnson (15) . Glucose was used as a control, and absorbance was measured at 690 m,.
Hexoses. The resorcinol-hydrochloric acid reaction of Seliwanoff (9) was used in these determinations. Standard fructose solution was used as a control.
Protein. Determination of protein was based on the method of Lowry et al. (11) . Crystalline bovine albumin (Nutritional Biochemicals Corp., Cleveland, Ohio) was used in the construction of the standard curve. Absorbance was measured at 750 mu.
Enzymes. Egg-white lysozyme, deoxyribonuclease, ribonuclease, trypsin, and pepsin were procured from Nutritional Biochemicals Corp.
RESULTS
Detection ofpolysaccharide depolymerase activity. The infection of P. aeruginosa strain BI with phage 2 was characterized by the elaboration of a polysaccharide depolymerase that was not detectable in uninfected cultures. On mature lawns of susceptible bacteria, the activity of the enzyme was defined by an outer translucent halo, which was devoid of phage, surrounding the plaques produced by phage. This may be seen in Fig.  la-c, which show the effect after a suspension of phage (approximately 105 in 0.01 ml of broth) was placed on a 4-hr lawn and incubated at 37 C. With continued incubation, the increased size of the outer halo, as contrasted with the consistent size of the plaque area, was striking. Infective lysates produced in soft agar-layer culture, as well as broth, have provided a reliable and convenient source of crude enzyme which was partially purified, as described under Materials and Methods, and used for further study.
Substrate studies. The extraction of slime polysaccharide with 0.15 M NaCl has provided a suitable substrate for enzyme study. Qualitative paper chromatographic analysis of acid-hydrolyzed polysaccharide revealed spots corresponding to mannose, glucose, galactose, rhamnose, glucosamine, and possibly galactosamine. One additional spot, traveling between glucosamine and galactose, remains to be identified. When reaction mixtures, containing the depolymerase and slime polysaccharide, were incubated at 37 C and sampled at various intervals of time, it was possible to measure increased levels of hexosamine, reducing substances, and hexoses. In addition, viscosimetric determinations have indicated a 20 to 25% reduction in the viscosity of the slime polysaccharide.
The reactivity of several other strains of P. aeruginosa was determined by examining the effect of the depolymerase on mature lawns. Evidence of depolymerase activity was observed with only 18 of the 120 strains tested (15%), suggesting that differences in these polysaccharides might exist. This point, however, will require additional investigation. When tested, the depolymerase also failed to react with lawns of Escherichia coli B and K-12, Bacillus megaterium, Staphylococcus aureus, and M. lysodeikticus. Thus, the depolymerase exhibited a substrate specificity. It is of interest to note that sensitivity to the depolymerase was found not to correlate with susceptibility to phage. Of the 18 pseudomonas strains that produced a reactive polysaccharide, only strain BI was susceptible to infection with phage 2.
The clearing of mature bacterial lawns has been observed with many phage-associated enzymes (16) , and may be due to either muralytic enzymes or those hydrolyzing slime or capsular polysaccharides. In our own experience, eggwhite lysozyme, like the depolymerase, has been observed to produce a clearing of mature lawns of P. aeruginosa strain BI. Therefore, it was of interest to determine whether the phage-associated depolymerase of this pseudomonas system was capable of acting on the rigid mucocomplex layer (murein or R-layer) of the cell wall like egg-white lysozyme. Preparations of the mucocomplex obtained from strain BI and cell walls of M. lysodeikticus were reacted with the depolymerase or egg-white lysozyme. Changes in absorbance were recorded, and paper chromatograms were prepared for qualitative analysis of the reaction products. Figure 2 illustrates the significant reduction in turbidity observed when egg-white lysozyme was reacted with the cell walls of M. lysodeikticus or P. aeruginosa BI. In contrast, the depolymerase failed to reduce the turbidity of these suspensions when tested under identical conditions, indicating the failure of the depolymerase to react with the mucocomplex. This was further substantiated by results obtained from chromatographic analysis. The acidhydrolyzed mucocomplex of strain BI used in these experiments revealed a composition of glucosamine, muramic acid, diaminopimelic acid, glutamic acid, alanine, glycine, and traces of lysine and aspartic acid. The latter two amino acids may be present only as contaminants of the murein preparation as suggested by Weidel (23) . After treatment of strain BI mucocomplex with egg-white lysozyme, the released mucopeptides were hydrolyzed, and shown to consist of the same amino sugars and amino acids that compose the mucocomplex. On the other hand, treatment with the depolymerase did not affect the mucocomplex of strain BI, since no essential components of the mucocomplex were released. These results made it clear that the pseudomonas depolymerase does not react with the rigid layer of the cell wall, as does lysozyme, and may therefore be said to be devoid of muralytic activity.
Characteristics of the depolymerase. The enzymatic characteristics of partially purified depolymerase at various concentrations of enzyme and substrate, and at different values of pH, are illustrated in Fig. 3a-c . It was apparent that the rate of enzyme activity increased proportionally with increased concentrations of enzyme (Fig.  3a) and substrate (Fig. 3b) , becoming maximal around pH 7.5 (Fig. 3c) .
The influence of temperature of incubation on the initial velocity of the enzymatic reaction is shown in Fig. 4 , and the effect of higher temperatures on the enzyme is illustrated in Fig. 5 .
Origin of the depolymerase. Supernatant fluids and homogenates obtained from uninfected cultures of strain BI during the logarithmic and stationary phases of growth have been repeatedly examined and found to be free from the depolymerase. Induced lysates of other P. aeruginosa strains, BC23, FG67, and GG77, were also tested and found to be free from depolymerase activity, as were lysates of strain BI when infected by other pseudomonas phages, i.e., 23, 67, or 77.
In one of two systems under study, the cells of lysogenic P. aeruginosa strain B (2) were exposed to ultraviolet irradiation (General Electric germicidal lamp, 120 cm, 20 to 40 sec). After incubation at 37 C, relatively high levels of depolymerase and phage were produced after a latent period of approximately 80 min. In a second system, the time course of the appearance of enzyme in extracellular fluids of strain BI after infection with phage 2 was determined. The results are shown in Fig. 6 . Free, extracellular enzyme was not detectable in the culture fluids until approximately 60 min after infection, paralleling the increase in released phage before reaching peak levels. An initial increase in the number of free phage was observed after a latent period of approximately 60 min, followed by a rise period of 40-min duration.
These results suggest that phage infection of the host cell, more specifically infection by phage 2, is necessary for biosynthesis of the polysaccharide depolymerase.
DIscussIoN
The depolymerases which act on polysaccharides of Klebsiella pneumoniae (2) vinelandii (6) , and Escherichia coli (20) have characteristically failed to release detectable reaction products, thus limiting these studies to semiquantitative viscosity determinations. This limitation has handicapped studies concerned with the mode of action of these depolymerases as well as a thorough study of the kinetics of enzyme formation after phage infection of the bacteria. In this respect, the pseudomonas polysaccharide-depolymerase system appears to offer definite advantages for further study, since increased levels of hexosamines, hexoses, and reducing substances can be measured.
The results of several experiments suggest that the genetic information required for biosynthesis of the pseudomonas depolymerase is furnished by the phage 2 genome. The failure to detect enzyme in uninfected cultures of strain BI, or in lysates produced by other phages infecting strain BI, supports this point of view. Enzyme synthesis has been observed only under circumstances involving phage 2 infection of a host cell, for example, strains BI and B(2). In these cases, enzyme was detectable only after an appropriate latent period. However, more convincing evidence may be obtained through the use of various inhibitors and mutant phage. Sutherland and Wilkinson (20) have reported interesting results obtained with E. coli K-12 and bacteriophage Ft which indicated that the depolymerase is probably inducible, the presence of the substrate polysaccharide being required for enzyme synthesis. Although Adams and Park (2) found that depolymerase was synthesized only by susceptible host cells, they found that the yield of enzyme was, in part, under control of the bacterial genotype.
Functionally, a polysaccharide-decomposing enzyme might be considered to confer a selective advantage on those phages possessing such an enzyme. This property would enable phage to hydrolyze capsular and slime polysaccharides, thereby making the bacterial receptor sites more accessible to phage. There have been reports (2, 6) which indicate that depolymerases may appear in two forms, one as freely diffusible enzyme and the other in a form firmly bound to the phage particle. Thus, highly purified phage has been shown to retain depolymerase activity; even more convincing was the demonstration by Adams and Park (2) that the enzymatic activity was completely adsorbed to host cells along with phage particles, whereas, of course, free enzyme did not adsorb to host bacteria.
